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Abstract—We propose the use of solution-processed 
molybdenum disulfide (MoS2) flakes as hole transport layer 
(HTL) for metal-organic perovskite solar cells. MoS2 bulk 
crystals are exfoliated in 2-propanol and deposited on perovskite 
layers by spray coating. We fabricated cells with 
glass/FTO/compact-TiO2/mesoporous-TiO2/CH3NH3PbI3/spiro-
OMeTAD/Au structure and cells with the same structure but 
with MoS2 flakes as HTL instead of spiro-OMeTAD, the most 
widely used HTL. The electrical characterization of the cells with 
MoS2 as HTL show promising power conversion efficiency -η- of 
3.9% with respect to cells with pristine spiro-OMeTAD 
(η=3.1%). Endurance test on 800-hour shelf life has shown 
higher stability for the MoS2–based cells (ΔPCE/PCE=-17%) 
with respect to the doped spiro-OMeTAD-based one (ΔPCE/PCE 
=-45%). Further improvements are expected with the 
optimization of the MoS2 deposition process 
Keywords—perovskite-based solar cells; two-dimensional 
materials, solution processing; spray coating.  
I.  INTRODUCTION 
Hybrid perovskite solar cells (PSCs) are evolving with an 
impressive pace and have reached power conversion 
efficiency (η) exceeding 20% on small area [1] and up to 13% 
on module size [2]. However, despite the remarkable 
progresses made in just a few years [3], there are many 
scientific and technological issues to be tackled, before PSCs 
could be considered for the market entry-level. In the most 
common configuration, PSCs are composed of a 
glass/FTO/compact-TiO2/mesoporous-
TiO2/CH3NH3PbI3/spiro-OMeTAD/Au structure [4, 5]. The 
most critical issue for these cells is the stability of the 
perovskite layer (i.e., moisture has a detrimental effect on it), a 
parameter of paramount importance to guarantee 
electrochemical stability. The spiro-OMeTAD (2,2',7,7'-
Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-
spirobifluorene), the widely used hole transport layer (HTL), 
represents another cause of instability of PSCs [4]. In fact, 
spiro-OMeTAD needs a doping treatment to increase its 
electronic conductivity by adding Tert-butylpiridine and Li-
salt [6]. However, these additives tend to desorb gradually 
from the spiro-OMeTAD, thus affecting the η of PSCs [4]. 
Here, we propose the exploitation of solution processed 
molybdenum disulfide (MoS2) flakes as HTL in PSCs. MoS2 
is a layered material composed of molybdenum (Mo) and 
sulfur (S) atoms arranged in a trigonal prismatic coordination, 
where each sulfur atom is bonded to 3 Mo atoms  [7, 8, 9]. As 
such, MoS2 consist of a sheet of Mo atoms sandwiched by 
sulfur atoms [7, 8]. Bulk MoS2 is formed by several tri-layer 
basic structures held together by van der Waals forces [8]. As 
such, bulk MoS2 can then be exfoliated in monolayer and few-
layers form [8]. MoS2 flakes can be used as HTL by virtue of 
its chemically inertness, good electron mobility (~200cm
2 
V
−1 
s
−1
), and an appropriate energy level (5.2eV, close to the 
perovskite’s valence band of 5.0eV) [4]. 
II. EXPERIMENTAL 
A. MoS2 preparation and characterization 
MoS2 flakes were exfoliated in 2-Propanol (IPA). 1g of 
MoS2 (Sigma Aldrich) was dispersed in 100mL of IPA and 
ultrasonicated (Branson ® 5800) for 6 hours. The obtained 
dispersion was then ultra-centrifuged at ~4200g (in a 
Beckman Coulter Optima™ XE-90), exploiting 
sedimentation-based separation (SBS) [10, 11, 12] to remove 
thick and un-exfoliated MoS2 flakes. After the ultra-
centrifugation process, we collected the upper 90% of the 
supernatant by pipetting. 
The MoS2 flakes dispersed in IPA were probed by optical 
absorption spectroscopy in the range 300-900 nm with a Cary 
Varian 6000i UVvis-NIR spectrometer. The absorption spectra 
were acquired using a 1mL quartz glass cuvette. The 
dispersion was diluted to 1:30 with IPA to avoid scattering 
losses at higher concentrations [13]. The corresponding 
solvent baseline was subtracted to each spectrum. The 
morphology of the MoS2 flakes was characterized in terms of 
lateral size and thickness by transmission electron microscopy 
(TEM) (JOEL JEM 1011).  The dispersion in IPA was drop 
cast on holey carbon 200 mesh grids and dried on a hot plate 
at 40°C. The acceleration voltage used for the TEM 
measurements was 100kV. The MoS2 flakes were drop-cast on 
a Si/SiO2 (300nm SiO2) substrate and dried under vacuum to 
perform Raman spectroscopy by a Renishaw inVia confocal 
Raman microscope. An excitation wavelength of 532nm was 
used with a 50X objective (incident power of ~1mW on the 
sample).  
B. Cell fabrication and characterization 
A raster scanning laser (Nd:YVO4 pulsed at 30kHz 
average output power P=10W) was used to etch the FTO/glass 
substrates (Pilkington, 8Ωcm-1, 25mm × 25mm), used as 
transparent conductor window [5]. The patterned substrates 
were cleaned in an ultrasonic bath, using detergent with de-
ionized water, acetone and isopropanol (~10 min. for each 
cleaning step). A 80nm-thick blocking TiO2 (BL-TiO2) layer 
was deposited onto the patterned FTO by spray pyrolysis 
deposition. Both 250nm and 500nm nanocristalline 
mesoporous TiO2 layers (18NR-Tpaste Dyesol diluted with 
terpineol and ethylcellulose) were screen-printed onto the BL-
TiO2 surface and sintered at 480° C for 30 min. The 
mesoporous-TiO2 thicknesses were measured using the 
profilometer Dektak Veeco 150. The perovskite layer was 
deposited by dual-step method [4, 5], which permits a 
complete perovskite coverage of the mesoporous TiO2, 
avoiding recombination of the charge carriers at the 
HTM/TiO2 interface [4, 5]. The preparation is as follows. The 
lead iodide solution (PbI2 in N,N-dimethylformamide, 460 mg 
ml
-1
) was deposited by  spin coating technique at 6000 r.p.m 
for 10 sec. and then dried at 70 °C for 1 hour. CH3NH3PbI3 
crystallization was achieved by dipping the PbI2 layers in a 
methylammonium iodide solution (CH3NH3I in anhydrous 
IPA, 10 mg ml
-1
) for 10 min. and washing immediately with 
IPA by spin coating at 6000 r.p.m for 10 s and dried at 70 °C 
for 30 min. After the perovskite deposition, three different 
HTLs were deposited on each different batch of cells: (1) 
pristine Spiro-OMeTAD was deposited by spin coating a 
dispersion (75mg ml
-1
); (2) doped Spiro-OMeTAD (currently 
the standard HTL in perovskite-based solar cells) was spin 
coated from a solution added with 8μl of tert-butylpyridine 
and 12μl of Lithium Bis(Trifluoromethanesulfonyl)Imide (Li-
TFSI) solution (520 mg in 1 ml of acetonitrile); (3) MoS2 
exfoliated flakes were spray-coated on a hot-plate at 60°C. 
These as-prepared samples were then introduced into a high 
vacuum chamber (10
-6
mbar) to thermally evaporate Au back 
contacts (thickness 100nm). No sealing was applied to the 
fabricated cells. Cells without any HTL were also fabricated 
for comparison. 
The PSCs were tested under a solar simulator (ABET Sun 
2000, class A) at AM1.5G and 100mW cm
-2
 illumination 
conditions (calibrated with a certified reference Si Cell, RERA 
Solutions RR-1002). Incident light power was measured with 
a Skye SKS 1110 sensor. The endurance test was carried out 
monitoring the devices for 800hours (when not under 
measurement, the devices were kept unsealed into a desiccator 
in dark conditions). 
III. RESULTS AND DISCUSSION 
After the preparation of the MoS2 dispersion, optical 
absorbance spectroscopy was performed. The UV-vis 
spectrum in Fig. 1(a) shows two peaks at 612 and 675nm, 
which are signature of the characteristic A and B excitonic 
transitions of MoS2, respectively [13]. The TEM analysis in 
Fig. 1(b) shows the presence of exfoliated flakes with a lateral 
size in the order of 100-200nm. The electron diffraction 
pattern (Fig. 1(b), inset) shows the hexagonal crystalline 
structure characteristic of MoS2 flakes [13, 14]. 
 
Fig. 1. (a) Absorbption spectrum of the dispersion of MoS2 in IPA. (b) TEM 
image of exfoliated MoS2 flakes. Inset: electron diffraction pattern. (c) Raman 
spectra at 532nm excitation of bulk (black curve) and exfoliated (red curve) 
MoS2 flakes, the latter cast on Si/SiO2. The difference in peak positions 
identifies the reduction in thickness of the exfoliated sample. * contribution 
from substrate. 
Raman spectroscopy was performed on both bulk MoS2 
and solution processed MoS2 flakes drop-cast on Si/SiO2 
substrate. In Fig. 1(c), the Raman spectra of the two samples 
are reported. The spectrum from the bulk MoS2 shows the two 
dominant peaks corresponding to the in-plane E
1
2g and out-of-
plane A1g modes of MoS2 (centered at ~380cm
-1
 and 406cm
-1
, 
respectively) [15-17]. The E
1
2g mode stiffens, and A1g mode 
softens with decreasing layer thickness [16, 17]. The Raman 
spectrum of the exfoliated Mos2 flake shows E
1
2g and A1g 
modes peaked at ~382cm
-1
 and 406cm
-1
, respectively). The 
reduction of frequency difference between these two modes, 
~2 cm−
1
 between the bulk and the exfoliated flakes can be used 
as an indicator of the MoS2 exfoliation. However, we have also 
to take into account, that the frequency difference between the 
E
1
2g and A1g modes can also change as a function of doping 
[18], and residual solvents atop the MoS2 flakes could also be 
present. 
In summary, the characterization of the solution processed 
MoS2 flakes indicates that our dispersion is composed of few-
layer MoS2. 
After the fabrication of perovskite cells with HTL made of 
spray-coated exfoliated MoS2 flakes (see section II.B), we 
made a comparative test with cells without HTL. The curves 
and the I/V parameters (Fig. 2 and Table 1, respectively) show 
that the PSC with MoS2 has fill factor (FF) and open-circuit 
voltage (Voc) that are both higher with respect to the cell 
without HTL. Contrary, the short-circuit current (Jsc) of the 
MoS2–based PSC is instead lower than that achieved with PSC 
without HTL. Overall, the η of the PSCs with MoS2 has a 66% 
increase with respect to the PSC without HTL. 
 
Fig. 2. I/V characteristics of PSCs with MoS2 flakes (red curve) and without 
HTL (blue curve). The cells were both fabricated with 500nm of mesoporous 
TiO2. 
Table 1. I/V parameters of perovskite-based cells with MoS2 flakes and 
without HTL. The cells were fabricated with 500nm of mesoporous TiO2. 
 Voc (V) Jsc (mA/cm
2
) FF η 
MoS2 0.74 -3.92 71.3% 2.1% 
No HTL 0.56 -7.03 37.0% 1.4% 
 
After this first comparative test, we prepared 10 cells with 
spray-coated MoS2 (in IPA), varying the thickness of the TiO2 
mesoporous layer in the 250-500nm range (as measured by 
profilometry). Apart from its role as electron transport 
material, the TiO2 layer is known to work also as optical 
spacer [19]. It is thus possible to tune the spatial distribution 
of the optical electric field in the solar cell under illumination 
by varying the thickness of the TiO2 layer (the squared optical 
electric field should have a maximum in the perovskite layer 
to reach the optimal performance) [4]. In turn, with an 
optimized TiO2 thickness the light absorption in the cell will 
be maximized [20]. When a new HTL, as in case of exfoliated 
MoS2, is introduced in PSC, the optical interference between 
the incident and back-reflected light (from the gold electrode) 
can change and hence an optimization of the TiO2 layer 
thickness is required. By comparing the I/V parameters of the 
MoS2-HTL cells built with TiO2 mesoporous layer 250-500nm 
thick, we found out that the highest η (approaching 4%) was 
reached with a TiO2 thickness of 250nm. 
We further explored the effect of HTL thickness by spray-
depositing the MoS2 flakes on perovskite cells with 250nm of 
TiO2. The I/V characteristics reported in Fig. 3 and Table 2 
show the results of the MoS2–based PSCs with 250nm of TiO2 
compared to PSCs based on Spiro-OMeTAD. 
 
Fig. 3. I/V characteristics of perovskite-based cells (with 250nm of 
mesoporous TiO2) with MoS2 flakes as HTL and with pristine Spiro-
OMeTAD. 
Table 2. I/V parameters of perovskite-based cells (with 250 nm of mesoporous 
TiO2) with MoS2 flakes as HTL and with pristine Spiro-OMeTAD. 
 Voc (V) Jsc (mA/cm
2
) FF η 
MoS2 0.69 -7.75 72.2% 3.9% 
Spiro-OMeTAD 0.66 -9.86 48.7% 3.1% 
 
The two types of fabricated PSCs show similar Voc values, 
while, similar to the PSCs based on 500nm mesoporous TiO2, 
the MoS2–based cell has a remarkably higher FF but still 
lower Jsc with the respect to the PSC based on Spiro-
OMeTAD. Overall, the η increases from 3.1% of the Spiro-
OMeTAD cell to 3.9% of the MoS2 one. 
The obtained I/V results demonstrated that our solution 
processed MoS2 flakes appeared to be a promising material to 
fulfil the role of HTM in PSCs, providing an even higher η 
than the reference cell with pristine Spiro-OMeTAD. Our 
experimental results show that only Jsc, amongst all the I/V 
parameters, has shown lower values with respect to the 
reference PSCs. A clear understanding of the reason for the 
low value of Jsc is still missing. However, a plausible 
explanation could be the increase of the recombination 
pathways established when using MoS2 as HTM instead of 
Spiro-OmeTAD, thus determining the low Jsc values [21, 22]. 
We finally assessed the stability of PSCs made with 
exfoliated MoS2 and doped Spiro-OmeTAD as HTMs 
performing an endurance test for 800 hours (the normalized η 
is reported in Fig. 4). In this test, the cells with MoS2 have 
shown a higher stability (ΔPCE/PCE=-17%) with respect to 
the doped spiro-OMeTAD-based ones (ΔPCE/PCE =-45%). 
The highest stability of MoS2-based PSCs is related to the 
significant decrease of the Jsc during the first part of the aging 
test (until 400h). Such Jsc decrease (ΔJsc/Jsc =-34%) is expected 
to be correlated to the instability of  the dopants added to the 
Spiro-OMeTAD [4]. If the dopants are desorbed during the 
time of the experiment, the Spiro-OmeTAD valence band 
energy is known to increase, thus compromising the 
regeneration process at the perovskite/HTM interface (due to a 
less efficient energy level alignment) [23]. From 400h to 800h 
of endurance test, all PSCs show a drastically decrease of the 
Jsc for the degradation of the perovskite layer because of the 
exposure to air due to the lack of sealing. 
 
Fig. 4. Endurance test for PSCs with MoS2 and standard doped Spiro-
OMeTAD as HTL. 
IV. CONCLUSION 
We fabricated PSCs with exfoliated MoS2 flakes as hole 
transport layer. The MoS2 HTL was prepared by spray coating 
solution-processed MoS2 flakes atop the perovskite layer. We 
compared the I/V performance of these cells under 
illumination to PSCs made with the spin-coated pristine spiro-
OMeTAD as HTL, used as reference. The MoS2–based PSCs 
have shown higher power conversion efficiency (η=3.9%) 
than those made with pristine spiro-OMeTAD (η=3.1%). 
We further tested the stability of these cells via a 800 hours 
endurance test, comparing them to cells made with spiro-
OMeTAD added with tert-butylpyridine and lithium 
Bis(Trifluoromethanesulfonyl)Imide, the reference material 
for building champions PSCs. The results of our 800-hour 
endurance test evidenced a higher stability for the MoS2-based 
PSCs (ΔPCE/PCE=-17%) with respect to those with doped 
spiro-OMeTAD (ΔPCE/PCE =-45%). Further work is in 
progress to optimize the deposition of the MoS2 layers paving 
the way towards higher power conversion efficiency devices. 
Acknowledgment 
The research leading to these results has received funding 
from the European Union Seventh Framework Programme 
under grant agreement n°604391 Graphene Flagship. We also 
acknowledge “Polo Solare Organico” Regione Lazio, the 
“DSSCX” MIUR-PRIN2010 and FP7 ITN “Destiny” for 
funding.  
 
 
References 
[1] NREL, http://www.nrel.gov/ncpv/images/efficiency_chart.jpg. 
[2] F. Matteocci et al., “Solid-state solar modules based on mesoscopic 
organometal halide perovskite: a route towards the up-scaling process,” 
Phys. Chem. Chem. Phys. 2014,16, pp. 3918-3923. 
[3] A. Kojima, K. Teshima, Y. Shirai and T., “Organometal halide 
perovskites as visible-light sensitizers for photovoltaic cells,” J. Am. 
Chem. Soc. , 2009, 131 (17), pp. 6050–6051. 
[4] M.A. Green, A. Ho-Baillie, and H.J. Snaith, “The emergence of 
perovskite solar cells”, Nature Photonics, 2014, 8, 506-514. 
[5] Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. 
“Efficient hybrid solar cells based on meso-superstructured organometal 
halide perovskites”, Science, 2012, 338, 643–647. 
[6] J.H. Noh et al., “Nanostructured TiO2/CH3NH3PbI3 heterojunction 
solar cells employing spiro-OMeTAD/Co-complex as hole-transporting 
material”, J. Mater. Chem. A, 2013, 1, 11842. 
[7] F. Bonaccorso, et al., “Graphene, related  two-dimensional crystals, and 
hybrid systems for energy conversion and storage” Science, 2015, 347, 
1246501. 
[8] P. Joensen et al., “Single-layer MoS2”, Materials Research 
Bulletin,1986, 21(4), 457-461. 
[9] R. F. Frindt and A. D. Yoffe, Proc. R. Soc. London, Ser. A, 1963, 273, 
69–83. 
[10] F. Bonaccorso, A. Lombardo, T. Hasan, Z. Sun, L. Colombo, and  A.C. 
Ferrari, “Production and processing of graphene and 2d crystals”, Mater. 
Today, 2012, 15, 564-589. 
[11] J. Hassoun, et al. “An advanced lithium-ion battery based on a graphene 
anode and a lithium iron phosphate cathode”. Nano Lett., 2014, 14, 
4901-4906. 
[12] F. Bonaccorso, M. Zerbetto, A. C. Ferrari, V. Amendola; “Sorting 
nanoparticles by centrifugal fields in clean media”, J. Phys. Chem. C 
117, 13217 (2013). 
[13] J. N. Coleman et al., “Two-Dimensional Nanosheets Produced by Liquid 
Exfoliation of Layered Materials”, Science, 2011, 331, 568–571. 
[14] A.C. Ferrari et al., “Science and technology roadmap for graphene, 
related two-dimensional crystals, and hybrid systems”,  Nanoscale, 
2015, 7, 4587-5062. 
[15] D. J. Late , B. Liu , H. S. S. R. Matte , C. N. R. Rao ,and V. P. Dravid, 
“Rapid Characterization of Ultrathin Layers of Chalcogenides on 
SiO2/Si Substrates”, Adv. Func. Mater., 2012, 22, 1894-1905. 
[16] X. Zhang et al., “Raman spectroscopy of shear and layer breathing 
modes in multilayer MoS2”, Phys. Rev. B 2013, 87, 115413. 
[17] Lee, C.; Yan, H.; Brus, L. E.; Heinz, T. F.; Hone, J.; Ryu, S., 
“Anomalous Lattice Vibrations of Singleand Few-Layer MoS2”, ACS 
Nano 2010, 4 (5), 2695−2700. 
[18] Chakraborty, B.; Bera, A.; Muthu, D. V. S.; Bhowmick, S.; Waghmare, 
U. V.; Sood, A. K., “Symmetry-dependent phonon renormalization in 
monolayer MoS2 transistors”, Phys. Rev. B 2012, 85, 161403. 
[19] J. Gilot, I. Barbu, M.M. Wienk, and R.A.J. Janssen, The use of ZnO as 
optical spacer in polymer solar cells: Theoretical and experimental 
study, Appl. Phys. Lett. 2007, 91, 113520. 
[20] J. Y. Kim et al., “New Architecture for High-Efficiency Polymer 
Photovoltaic Cells Using Solution-Based Titanium Oxide as an Optical 
Spacer,” Adv. Mater. 2006, 18, pp. 572–576. 
[21] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and A. 
Kis, “Single-layer MoS2 transistors,” Nat. Nanotechnol. 2011 , 6 , pp. 
147-150. 
[22] BI, Dongqin, et al., “Effect of different hole transport materials on 
recombination in CH3NH3PbI3 perovskite-sensitized mesoscopic solar 
cells”, The Journal of Physical Chemistry Letters, 2013, 4 (9), 1532-
1536. 
[23] A. Abate et al., Lithium salts as “redox active” p-type dopants for 
organic semiconductors and their impact in solid-state dye-sensitized 
solar cells, PCCP, 2013, 15, 2572-2579. 
  
